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IN1RODUCTION 
The objectives in this study were to deterrnine the through-thickness elastic 
constant of fiber-epoxy/metal composites with ultrasonic measurements and determine the 
elastic constants of the constituent layers. The specimens that we studied consist of alter-
naring layers of aluminum (2024 TI) and fiber-epoxy [1], all of which are 200 to 300 jlm 
thick. As Figure 1 indicates the outer two layers of the composite are aluminum, so that 
there is always one additionallayer of aluminum in the composite. The fiber-epoxy layers 
consist of a unidirectionallayup of ararnid fibers for the ararnid-epoxy/aluminum 
specimens. For the glass-epoxy/aluminum specimen, the fiber-epoxy layers consist of two 
sublayers of unidirectional fibers where the fibers of one sublayer lie at 90° with respect to 
the other sublayer. Because the fibers of both sublayers are perpendicular to the trans-
mitting transducer, the ultrasound perceives the two sublayers as a single layer. 
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Figure 1. The layup of the ararnid-epoxy/aluminum specimen. 
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Figure 2. A blockdiagram of the experimental setup for both back-reflection and 
transmission measurements. 
EXPERTIMENTALPROCEDURE 
The experimental setup is shown in Figure 2. Signals originate from a high-voltage 
(400 V), low-impedance (2 ~0) square-wave generator, and after passing through a 
diplexer ("transmit-receive" switch), they excite a broadband piezopolymer transmitting 
transducer. The specimen is aligned perpendicular to the transmitting transducer in an 
immersion tank. Signals reflected from the specimen are captured by the piezopolymer 
transducer. After passing through the diplexer, the back-reflected signals are amplified by 
a broadband receiver and displayed on a digital oscilloscope. The signals are transferred 
via GPIB to a personal computer for off-line analysis. Signals transmitted through the 
specimen are captured with a hydrophone (1 mm diameter) and preamplifier. These 
signals are separately amplified by the receiver and also displayed on the oscilloscope. 
The transmitting transducer is excited by a 20 ~s long square wave. As Figure 3 
indicates, both the rising and falling edges of the square wave create short-duration pulses. 
Only 20 ~s of the signal produced by the rising edge is captured on an 8 bit digitizer at a 
rate of 100 MHz, as indicated by the dashed framein Figure 3, avoiding signals produced 
by the falling edge. The entire captured signal is then Fourier transformed and displayed 
as an amplitude spectrum [2, 3]. 
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Figure 3. A typical signal. The top panel shows the square wave that excites the 
transmitting transducer and the bottom panel shows the resulting signal captured by the 
hydrophone and displayed on an oscilloscope. 
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Figure 4. Spectra of the signals reflected from the ararnid-epoxy/alurninurn and glass-
epoxy /alurninurn specimens. 
RESULTS 
Figure 4 shows the spectra of the signals reflected from the ararnid-epoxy/alurninum 
and glass-epoxy/alurninurn specimens. The general shape of the spectra results from the 
frequency response of the measurement system and the attenuation within the specimens. 
On top of the general shape, resonances appear as "stop bands" grouped into three distinct 
dusters. We will show that the duster near 10 MHz results from the alurninum layers, the 
duster near 6 MHz results from the fiber-epoxy layers, and the duster near 2 MHz results 
from properlies of the composite. While the spectrum from the glass-epoxy/aluminum 
specimen shows the same general features, there is only a hint of the resonances from the 
alurninum because of the higher apparent attenuation in this specimen. 
1.0 
0.8 
.., 0.6 
c.o 
~ 0.4 
"5 
> 0.2 
0.0 
2/1 configuration 0 2 4 6 8 10 12 14 16 18 20 
Frequency (MHz) 
1.0 
0.8 
u 0.6 
~ 0.4 
"5 
> 0.2 
0.0 
3(l configuration 0 2 4 6 8 10 12 14 16 18 20 
Frequency (MHz) 
1.0 
0.8 
., 0.6 
~ 
'ä 0.4 
> 0.2 
0.0 
413 configuration 0 2 4 6 8 10 12 14 16 18 20 
Frequency (MHz) 
Figure 5. Reflection coefficients from three configurations of fiber-epoxy/aluminum 
specimens as calculated by the theory of Folds and Loggins [4]. 
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THEORY 
The spectra from these specimens can be explained with a theory developed by 
Folds and Loggins [4-6]. This theory predicts the reflection and transmission coefficients 
from materials with a finite number of layers. (Floquet theory [7, 8] assumes that the 
material has an infinite number of layers.) The theory was developed by matehing the 
boundary conditions of the waves at each interface and summing the resulting transmitted 
and reflected waves. For a specimen aligned perpendicular to a transmitting transducer, 
ignoring attenuation within the specimen, the reflection coefficient is 
(1) 
where Z is the acoustic impedance for water and A;i are the elements of the four-by-four 
matrix, 
(2) 
Each of the four-by-four matrices Cn is the contribution of the nth layer. (According to the 
convention by Folds and Loggins, the water is considered as layer 1.) 
The matrices for each layer are defined as 
where f is the frequency, Pn is the density of the nth layer, dn is the thickness of the nth 
layer, and Vn is the velocity of sound in the nth layer. 
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Figure 6. The fiber-epoxy/aluminum specimen modeled as either of two systems of 
springs and masses. In the upper spring-mass system the aluminum layers (shown in 
white) behave as masses while the fiber-epoxy layers (shown in gray) behave as springs. 
In the second spring-mass system these roles are reversed. 
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Figure 7. Results of matehing theory to the experimental data. Theory (with adjusted 
densities and velocities) is represented by the gray lines and the raw experimental data are 
represented the black lines. 
The top panel of Figure 5 shows the reflection coefficient from a specimen with 2 
aluminum layers and 1 fiber-epoxy layer, as calculated by Equations (1), (2), and (3). We 
note by highlighting that there is a cluster of 2 resonances near 10 MHz that can be asso-
ciated with the 2 aluminum layers and a single resonance near 6 MHz that can be 
associated with the fiber-epoxy layer. The resonances greater than 12 MHzare higher-
ordermultiples of lower-frequency resonances. 
As the number of layers increases, the number of resonances in each cluster 
increases, as shown by the other two panels of Figure 5. In the middle panel there are 3 
aluminum layers and 3 resonances in the cluster centered at 10 MHz, and there are 2 fiber-
epoxy layers and 2 resonances in the cluster centered at 6 MHz. This correspondence 
between the number of layers and the number of resonances in each cluster is also shown 
by the bottom panel. 
Although the theory of Folds and Loggins predicts the clusterlog of resonances, it is 
difficult to use this theory to interpret the physical principles that lead to this clustering. A 
better understanding of the physical principles can be gained if the layers are modeled as 
systems of springs and masses. This can be done in two ways, as shown by Figure 6. 
Either the aluminum layers behave as masses and the fiber-epoxy layers behave as springs, 
or the fiber-epoxy layers behave as masses and the aluminum layers behave as springs. The 
classical mechanics of the spring-rnass system predicts that a splitting of the resonances will 
take place such that there will be one resonance for each mass [9]. Because we have 
modeled the layers as masses, there will be one resonance for each layer. Because there are 
two cases, the theory predicts that there will be two clusters of resonances. 
DATA ANALYSIS 
Now that the spectra in Figure 4 are better understood, we can use the theory of 
Folds and Loggins to estimate the properties of the individuallayers. This is accomplished 
using a three-step procedure. First, the thicknesses of the layers are deterrnined from 
optical micrographs. Next, the velocities in the theory (see Equation (3)) are adjusted 
until the centroids of the clusters in the theory match the centroids of the clusters in the 
experimental data. Finally, the densities of the layers in the theory are adjusted until the 
fine details within each cluster match. 
1119 
Table I. Properties of the layers resulting from matehing theory to the experimental data 
Aramid-Epoxy/ Aluminum Glass-Epoxy/Aluminum 
Aluminum Velocity 6.34 ± 0.03 ... 
(mrn/j.LS) 
Aluminum Density 2.74±0.03 ... 
(g/cm3) 
Fiber-Epoxy Velocity 2.51 ± 0.01 2.91 ±0.05 
(mrn/j.Ls) 
Fiber-Epoxy Density 1.36 ± 0.01 2.06 ±0.05 
civcm3) 
The results of matehing the theory to the experimental data are shown in Figure 7. 
We do not do an exact fit of theory to the experiment [10]; rather we mateh the frequency 
locations of the resonances. As the left panel in Figure 7 shows, the matehing was quite 
good for the spectrum from the aramid-epoxy/aluminum specimen. The result for the 
spectrum from glass-epoxy/aluminum shown in the right panel of Figure 7 indicates 
success for the composite duster and the glass-epoxy duster, but because of the !arge 
attenuation, the properties (velocity and density) of the aluminum layers could not be 
determined. 
Results are listed in Table I. The error indicated in this table represents the resolu-
tion of the resonance matehing process. Changes in the properties by the amount of the 
error will shift the resonances in the theory so that they become slightly mismatehed with 
the resonances in the experimental data. Because of the high attenuation in the glass-
epoxy/aluminum specimen, we were forced to assume that the properties of its aluminum 
layers are the same as the properties of the alurninum layers in the aramid-epoxy specimen. 
This is a reasonable assumption because the same alloy of aluminum is used for both types 
of material. 
HIGH FREQUENCY VELOCITY 
The high-frequency, through-thickness velocities of the two specimens were 
determined from transmission measurements of the time of arrival of a short pulse using a 
piezopolymer transmitting transducer and a hydrophone receiving transducer (see Figure 
2). At high frequencies the wavelength of the ultrasound is much less than the thickness 
of the composite. Timing was measured from the frrst arrival of the pulse. To obtain a 
velocity, two timing measurements are needed: the time to the signal travels through the 
water path with the specimen removed, and the time t1 through the water and the speci-
men. With these timing measurements the velocity v in the composite is given by 
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Table II. The high frequency velocities and elastic coefficients. Measured values are from 
the time-of-flight deterrninations using a short pulse in transmission. Predicted values use 
the assumption that the velocities of the layers act in series and utilize the velocities 
deterrnined by the amplitude spectrum method (Table I). 
Velocity Elastic Coefficients 
(mrn/lls) (OPa) 
Measured (Eo. 4) Predicted (f:g. 51 Measured Predicted 
Aramid-Epoxy/ 4.026 4.133 36.56 38.53 
Aluminum 
Glass-Epoxy/ 4.375 4.212 46.87 43.44 
Aluminum 
(4) 
where d is the thickness of the composite and Vw is the velocity in water. 
The results of the measured velocities are listed in Table II. These measured 
velocities compare well with velocities predicted using the assumption that velocities of 
the layers act in series as the sound travels through the composite (similar to the Reuss 
formulation of the rule of mixtures [11 ]). This model predicts that the composite velocity 
v is predicted by 
(5) 
where dn is the thickness ofthe nth layer and Vn is the velocity in the nth layer. We used 
the values of the velocities determined by the amplitude spectra as listed in Table I to 
determine the predicted velocities in Table II from Equation (5). 
Using a standard defmition of the through-thickness elastic coefficient (c = p Y'), 
we calculated the average through-thickness elastic coefficient of the composites from the 
composite velocities listed in Table II. The average density of the composite was deter-
mined from the thickness of each layer and the density of each layer listed in Table I. The 
measured and predicted elastic coefficients show satisfactory agreement 
CONCLUSIONS 
In examining this study we need to consider four regions in frequency. In the static 
and low frequency regions, the wavelength of the ultrasound is much greater than the 
thickness of the composite. 
The velocities and densities of the individuallayers were accurately determined in 
the intermediate frequency region using the "stop-bands" in the spectra. This was 
accomplished by adjusting the properties of the layers in the theory in order to match the 
resonances in the theory to those in the experimental data. 
The short-pulse determination of the composite velocity and elastic stiffness coeffi-
cient is valid in the high frequency region. As Table II indicates, the elastic constant for 
aramid-epoxy/aluminum was determined as 36.56 GPa from the short-pulse measure-
ments, which compares favorably with 38.53 GPa as determined by Equation (5) and the 
velocities of the individuallayers. 
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